Using photon-density-wave fluctuation-correlation-spectroscopy, we studied the fluctuations of the optical signal measured in the brain and skeletal muscles. We investigated the autocorrelation power spectra at specific tissue locations, and the coherence between different tissue regions in the frequency band 0-0.3 Hz. We found specific dominant frequency components that can be assigned to vasoconstriction activity. In a measurement protocol involving voluntary motor stimulation (right hand finger movements), we found that the optical fluctuations observed in the left forearm muscle and in the left cerebral motor cortex show different coherence features at rest and during stimulation. These changes are particularly significant at the frequencies associated with vasoconstriction activity. A power-spectrum analysis of the optical fluctuations revealed a resonance-like dependence of the optical signal at the motor cortex on the period of the motor stimulation sequence.
INTRODUCTION
Photon-density-wave near-infrared (NIR) spectroscopy is a useful method for the non-invasive study of hemodynamic changes in tissue optical properties over time scales ranging from milliseconds to hundreds of seconds. Recently, NIR was applied to studies of brain processes, particularly changes of oxy-and deoxy-hemoglobin concentrations ([Hb02] and [HbI, respectively) induced by motor or visual stimulation (see Ref. 1 for a review of these studies). Most groups reported an increase of [Hb021 and total blood volume and a simultaneous monotonic decrease of [Hb] during stimulation.' However some researchers observed a stimulus-induced increase of both [Hb02] and [Hb] .2 Another open question is the spatial localization of the cerebral area exhibiting an optical response to stimulation: some groups reported that only localized areas were excited,3'4 but others observed dynamic responses of [Hb02] in the entire area of measurement. 5 Usually, signals acquired on the human head reflect complex time changes of tissue optical properties and require statistical methods to be interpreted. The most popular method is the folding average of the signals over a number of cycles of repetitive stimulations. However, this approach is effective only in the case of a significant phase synchronization of the optical signal with the stimulation sequence. Although such a synchronization is usually implicitly assumed, it may not always occur. We present a NIR study of motor cortex responses to periodic stimulations by means of fluctuation correlation spectroscopy. We use this method not only to assess the dynamics of the optical signal at the motor cortex, but also to analyze its coherence with the signals collected at other tissues such as the forearm muscle and the superficial scalp-scull layers.
INSTRUMENTATION AND METHOD
For the measurements on the head, we use a two-wavelength instrument in which NIR light emitted by laser diodes (758 and 830 nm) is guided to the tissue through multi-mode silica optical fibers. Up to 16 diodes can be used in a sequential multiplexing mode. Two glass fiber bundles collect the scattered light and conduct it to the photomultiplier tube detectors. The 16 sources and 2 detectors provide 32 possible source-detector combinations. An additional instrument with a one-source/one-detector probe (830 nm wavelength, 2 cm source-detector distance) is used to acquire the signal on the left forearm muscle. The signals from the three PMTs are applied to the inputs of an interface card for an IBM-PC computer, where data processing is performed.
The time series of the intensity values are processed to calculate the autocorrelation power spectra, cross-correlation coherence for different signals, and the temporal changes in [Hb02] and [Hb] . The spectra are obtained by averaging the Fourier-transforms of consecutive subsets of the data series. The bandwidth and the frequency resolution of the auto-and cross-correlation spectra are determined by the sampling rate and the length of the time series subset. For the measurements reported in this work the acquisition time per point is 160 ms, which corresponds to a frequency bandwidth of 3 . 125 Hz. The duration of each subset data trace to produce a Fourier-transform is 1 64 s, which corresponds to a spectral resolution of 0.0061 Hz.
To convert light intensity data into hemodynamic parameters, we assume a model in which the absorption of light in the tissue is provided only by oxy-and deoxy-hemoglobin.6 This model gives the following equations to compute the changes of For measurements on the human head we designed a headset consisting of the fiber-optic probe shown in Fig. 1 and a frame securing the probe on the head. Two detector fibers are securely fixed in the central part of the probe (see Fig.l for distances). The paired (758 and 830 nm wavelength) source optodes are attached to the probe pad at 8 positions. The range of sourcedetector distances allows us to distinguish processes occurring at different tissue depths.
We performed measurements on 5 subjects, right-handed males of age ranging from 30 to 65 years. A written informed consent was obtained from each subject before measurements. Figure 2 shows the locations of the source and detector fibers on a subject's head. The probe is installed on the left part of the head in such a way that the detector A is in the area of the primary motor cortex. The one-source probe is attached to the left forearm muscle of the subject. During measurements the subjects are comfortably supine and instructed not to speak or to make unnecessary movements. Each measurement consists of a 10 mm rest epoch and a 20-40 mm exercise epoch consisting of a certain number of exercise/rest cycles. During rest the base-line data is acquired and the breathing rate is estimated by counting the number of breaths per three minutes. During the exercise, subjects are asked to begin or stop performing a finger-motion (palm squeezing) exercise. Only the right hand is exercising for each measurement, and the squeezing rhythm (1.5 Hz) is maintained by means of a metronome. During the exercise epoch subjects perform 4 exercise series differing by the duration of the stimulation/relaxation period: 20/60 sec. 20/20 sec. 10/17 sec, and 10/10 sec, and consisting of 10 periods each. 
RESULTS
A sample of hemoglobin changes in the head and of DC signals in the non-exercising (left) forearm is represented in Figures  3 and 4 respectively (the signals were low-pass filtered to remove the arterial pulse oscillations). The stimulation periods are shown by gray bars in both figures. As Fig.3 shows, under rest conditions [HBO2] and [Hb] exhibit spontaneous fluctuations of approximately the same amplitude both at the motor cortex (channel (5,13 A)) and at a distance of about 4 cm to (see Fig.  2 ) from the motor cortex (channel (3,1 1 B) 1 1 B) , indicating a spatial localization of the activity. During Exercise 1 (20/20 sec stimulation/relaxation period) the character of the hemoglobin concentration traces is intermediate between the rest and Exercise 2 conditions. In channel (5, 1 3 A) (motor cortex) one can recognize a pattern which correlates with the stimulation sequence, but its periodicity is significantly less regular than for the Exercise 2. Furthermore, the signal in channel (3,11 B) does not show any synchronization with the stimulation, but it rather undergoes some irregular changes. Figure 4 reveals a prominent periodic pattern in the DC signal from the non-exercising forearm both under exercise and rest conditions. We found that the frequency of this periodic pattern corresponds to the breathing rate. We believe that the physiological origin of these oscillations is the modulation of the vasoconstriction activity at the breathing frequency, also known as Traube-Hering wave.8 In fact, we observed this modulated pattern also in the absorption coefficient measured by the multi-distance technique, implying that it is unlikely due to the motion effects. This pattern is more regular in the case of Exercise 2, which also shows an average oscillation amplitude approximately twice as high than at rest and Exercise 1 conditions. Note that all ofthe data shown in Figs. 3 and 4 were obtained from the same subject during the same sequence of measurements. Figure 5 represents the normalized power spectra and the coherence of the intensities at 830 nm measured in the channel (13 A) (motor cortex, see Fig.2 ) and in the non-exercising (left) forearm. The subject and conditions (rest, Exercises 1 and 2) are the same as in Figs. 3 and 4 . The bottom triangular markers show the harmonics of the Exercise 1 frequency, while the top markers show the harmonics of the Exercise 2 frequency. The letter "T" indicates the frequency of Traube-Hering wave, which was measured during the experiment by counting the number of breaths per minute. One can see that at rest, the maximum peak of the head signal power spectrum in the range of 0.1-0.3 Hz (shown by letter "M") occurs at a lower frequency than the Traube-Hering wave. (The vasoconstriction oscillations at a frequency lower than the respiratory rate are known as Mayer waves.8) The coherence spectrum of the head and forearm signals at rest reaches its highest values at the respiratory frequency and its right side-band, possibly generated by the interaction of Mayer and Traube waves.
During Exercise 1 the structure of the non-exercising forearm power spectrum signal is qualitatively the same as at rest. In the head signal spectrum, a new small peak appears at the frequency of the stimulation sequence (Exercise 1 in the Fig.5 ), the Mayer wave frequency slightly moves to the left (towards the nearest harmonic of the stimulation frequency), while the respiratory peak and its side-band are suppressed. The coherence at Mayer wave frequency is significantly higher than at rest, but still the maximum of coherence is at the respiratory frequency (T).
The most evident changes from the rest power spectra occur at Exercise 2. The peak at the exercise frequency in the power spectrum of the head signal (Exercise 2 in Fig.5 ) is more pronounced than in the case of Exercise 1 . Furthermore, the TraubeHering and Mayer waves lock on the same frequency at which both forearm and head spectra obtain prominent peaks. Note that the frequency of this peak coincides with the frequency of the fourth harmonic of the exercise. We also observe that this harmonic frequency almost exactly coincides with the Mayer wave frequency recorded under rest conditions. In the coherence spectrum ,there are prominent peaks at the second and fourth harmonics of the Exercise 2 frequency. In most cases the signals in the short-distance (0.5 cm) channels ( (7,8 A) and (15,16 B) in Fig. 2 ) are not synchronized with the exercise sequence. However, in a few cases of resonance we did observe short-distance signals synchronous with the exercise sequence. In these cases, however, the average ratio of the change in [FIb] to the change in [Hb02] was 4-5 times smaller than the ratio calculated from large-distance signals.
DISCUSSION AND CONCLUSION
Our results show that for specific frequencies of the stimulation/relaxation sequence one can observe [Hb02] and [HbJ changes that are spatially localized and synchronous with the stimulation sequence. Such a synchronization occurs when the stimulation sequence frequency or one of its harmonics nearly coincides with the major power spectrum peak in the band of 0. 1-0.3 Hz (Mayer waves) preexisting in the brain fluctuations at rest. Respiratory frequency also locks to the Mayer wave frequency at resonance. When synchronized, hemoglobin saturation changes in agreement with the typical pattern: during the stimulation [Hb02J increases and [Hb] decreases, and during the relaxation the directions of changes are opposite. In most subjects, there is a tendency to exhibit larger hemoglobin response in that part of the measured area which is close to the motor cortex. Superficial head tissue can exhibit significant oxy-hemoglobin changes synchronous with stimulation. We would like to underline that the clear spatially localized and synchronized with sequence pattern of the hemoglobin changes appears only at specific stimulation frequencies. In most cases, we did not observe synchronization at first, but it appeared when the stimulation period was changed. This result is consistent with the observation by Obrig et al.9 that at the given duration ofthe stimulation, a significant hemoglobin response occurs at a specific length ofthe interstimulus interval. To conclude, we have studied the power spectra and the coherence of near-infrared signals in the motor cortex, forearm muscle and superficial head tissues under rest conditions and during repetitive motor stimulations. Our results indicate a complex resonance-like interaction between the hemodynamics induced by the sequence of stimulations, and preexisting vasoconstriction oscillations. Under resonance conditions, this interaction results in hemoglobin concentration changes that are spatially localized and synchronous with the stimulation sequence, but complex spatial-temporal patterns may occur off resonance.
